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(57) Abstract 

The present invention is a method 
for integrating a file system with a 
RAID array (1030) that exports precise 
information about the arrangement of 
data blocks in the RAID subsystem 
(1030). The system uses explicit 
knowledge of the underlying RAID 
disk layout to schedule disk allocation. 
The present invention uses separate 
current-write location (CWL) pointers 
for each disk (1022) in the disk array 
(1030) where the pointers simply 
advance through disks (1022) as writes 
occur. The algorithm used has two 
primary goals. The first goal is to keep 
the CWL pointers as close together 
as possible, thereby improving RAID 
(1030) efficiency by writing to multiple 
blocks in the stripe simultaneously. 
The second goal is to allocate adjacent 
blocks of a file on the same disk 
(1022), thereby improving read back 
performance. The first goal is satisfied 
by always writing on Ibe disk (1022) 
with the lowest CWL pointer. For 
the second goal, another disk (1024) is 
chosen only when the alogoridun starts 
allocating space for a new file, or when 
it has allocated N blocks on the same 
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A METHOD FOR ALLOCATING FILES TN A FILE SYSTEM 
TTMTFnR ATFn WITH A RATH DISK SIJB-SYSTEM 

BACKGROUND OF THE JSrVE NTTON 
5 1. FIELD OF THE INVENT[ON 

The present invention is related to the field of file systems using disk 
arrays for storing information. 

10 2. BACKGROUND ART 

A computer system typically requires large amounts of secondary 

i 

memory, such as a disk drive, to store information (e.g. data and/or 
application programs). Prior art computer systems often use a single 

15 "Winchester" style hard disk drive to provide permanent storage of large 

amounts of data. As the performance of computers and associated processors 
has increased, the need for disk drives of larger capacity, and capable of high 
speed data transfer rates, has increased. To keep pace, changes and 
improvements in disk drive performance have been made. For example, data 

20 and track density increases, media improvements, and a greater number of 
heads and disks in a single disk drive have resulted in higher data transfer 
rates. 

A disadvantage of using a single disk drive to provide secondary storage 
25 is the expense of replacing the drive when greater capacity or performance is 
required. Another disadvantage is the lack of redundancy or back up to a 
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single disk drive. When a single disk drive is damaged, inoperable, or 
replaced, the system is shut down. 

One prior art attempt to reduce or eliminate the above disadvantages of 
5 single disk drive systems is to use a plurality of drives coupled together in 

parallel. Data is broken into chunks that may be accessed simultaneously from 
multiple drives in parallel, or sequentially from a single drive of the plurality 
of drives. One such system of combining disk drives in parallel is known as 
"redimdant array of inexpensive disks" (RAID). A RAID system provides the 
10 same storage capacity as a larger single disk drive system, but at a lower cost. 

Similarly, high data transfer rates can be achieved due to the parallelism of the 
array. 



RAID systems allow incremental increases in storage capacity through 
15 the addition of additional disk drives to the array. When a disk crashes in the 
RAID system, it may be replaced without shutting down the entire system. 
Data on a crashed disk may be recovered using error correction techniques. 

RAID has six disk array configurations referred to as RAID level 0 
20 through RAID level 5. Each RAID level has advantages and disadvantages. In 
the present discussion, only RAID levels 4 and 5 are described. However, a 
detailed description of the different RAID levels is disclosed by Patterson, et al. 
in A Case for Redundant Arrays of Inexpensive Disks (RAID), ACM SIGMOD 
Conference, June 1988. This article is incorporated by reference herein. 



25 



ir 



wo 94/29796 



PCT/US94/06322 



-3- 

Figure 1 is a block diagram illustrating a prior art system implementing 
RAID level 4. The system comprises N disks 112-118 coupled to a computer 
system, or host computer, by communication channel 130. In the example, 
data is stored on each hard disk in 4 KByte blocks or segments. Disk 112 is the 
5 Parity disk for the system, while disks 114-118 are Data disks 0 through N-1. 
RAID level 4 uses disk striping that distributes blocks of data across all the 
disks in an array as shown in Figiu-e 1. This system places the first block on the 
first drive and cycles through the other N-1 drives in sequential order, RAID 
level 4 uses an extra drive for parity that includes error-correcting information 
10 for each group of data blocks referred to as a stripe. Disk striping as shown in 
Figure 1 allows the system to read or write large amoimts of data at once. One 
segment of each drive can be read at the same time, resulting in faster data 
accesses for large files. 

15 In a RAID level 4 system, files comprising a plurality of blocks are stored 

on the N disks 112-118 in a "stripe". A stripe is a group of data blocks wherein 
each block is stored on a separate disk of the N disks. In Figure 1, first and 
second stripes 140 and 142 are indicated by dotted lines. The first stripe 140 
comprises Parity 0 block and data blocks 0 to N-1. In the example shown, a first 

20 data block 0 is stored on disk 114 of the N disk array. The second data block 1 is 
stored on disk 116, and so on. Finally, data block N-1 is stored on disk 118. 
Parity is computed for stripe 140, using techrtiques well-known to a person 
skilled in the art, and is stored as Parity block 0 on disk 112. Similarly, stripe 
142 comprising N-1 data blocks is stored as data block N on disk 114, data block 

25 N+1 on disk 116, and data block 2N-1 on disk 118. Parity is computed for the 4 
stripe 142 and stored as parity block 1 on disk 112. 



wo 94/29796 



PCT/US94/06322 



-4- 

As shown in Figure 1, RAID level 4 adds an extra parity disk drive 
containing error-correcting information for each stripe in the system. If an 
error occxirs in the system, the RAID array must use all of the drives in the 
5 array to correct the error in the system. Since a single drive usually needs to be 
accessed at one time, RAID level 4 performs well for reading small pieces of 
data. A RAID level 4 array reads the data it needs with the exception of an 
error. However, a RAID level 4 array always ties up the dedicated parity drive 
when it needs to write data into the array. 

10 

RAID level 5 array systems use parity as does RAID level 4 systems. 
However, it does not keep all of the parity sectors on a single drive. RAID 
level 5 rotates the position of the parity blocks through the available disks in 
the disk array of N disk. Thus, RAID level 5 systems improve on RAID 4 

15 performance by spreading parity data across titie N-1 disk drives in rotation, 
one block at a time. For the first set of blocks, the parity block might be stored 
on the first drive. For the second set of blocks, it would be stored on the second 
disk drive. This is repeated so that each set has a parity block, but not all of the 
parity information is stored on a single disk drive. Like a RAID level 4 array, a 

20 RAID level 5 array just reads the data it needs, barring an error. In RAID level 
5 systems, because no single disk holds all of the parity information for a group 
of blocks, it is often possible to write to several different drives in the array at 
one instant. Thus, both reads and writes are performed more quickly on RAID 
level 5 systems than RAID 4 array. 



25 
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Figiire 2 is a block diagram illustrating a prior art system implementing 
RAID level 5. The system comprises N disks 212-218 coupled to a computer 
system or host computer 120 by conmitmication chaimel 130. In stripe 240, 
parity block 0 is stored on the first disk 212. Data block 0 is stored on the second 

5 disk 214, data block 1 is stored on the third disk 216, and so on. Finally, data 
block N-1 is stored on disk 218. Jn stripe 212, data block N is stored on the first 
disk 212. The second parity block 1 is stored on the second disk 214. Data block 
N+1 is stored on disk 216, and so on. Finally, data block 2N-1 is stored on disk 
218. In M-1 stripe 244, data block MN-N is stored on the first disk 212. Data 

10 block MN-N+1 is stored on the second disk 214. Data block MN-N+2 is stored 
on the third disk 216, and so on. Finally, parity block M-1 is stored on the nth 
disk 218. Thus, Figure 2 illustrates that RAID level 5 systems store the same 
parity information as RAID level 4 systems, however, RAID level 5 systems 
rotate tiie positions of the parity blocks through the available disks 212-218. 



15 



20 



In RAID level 5, parity is distributed across the array of disks. This leads 
to multiple seeks across tiie disk. It also inhibits simple increases to the size of 
the RAID array since a fixed nimiber of disks must be added to ti\e system due 
to parity requirements. 



For a prior art file system operating on top of a RAID subsystem, it tends 
to treat the RAID array as a large collection of blocks wherein each block is 
numbered sequentially across the RAID array. The data blocks of a file are then 
scattered across the data disks to fill each stripe as fully as possible, thereby 
25 placing each data block in a stripe on a different disk. Once N-1 data blocks of a 
first stripe are allocated to N-1 data disks of the RAID array, remaining data 
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blocks are allocated on subsequent stripes in the same fashion until the entire 
file is written in the RAID array. Thus, a file is written across the data disks of 
a RAID system in stripes comprising modulo N-1 data blocks. This has the 
disadvantage of requiring a single file to be accessed across up to N-1 disks, * 
5 thereby requiring N-1 disk seeks. Consequently, some prior art file systems 
attempt to write all tiie data blocks of a file to a single disk. This has the 
disadvantage of seeking a single data disk all the time for a file, thereby 
under-utilizing the other N-2 disks. 

10 Tj^ically, a file system has no information about the underlying RAID 

sub-system and simply treats it as a single, large disk. Under these conditions, 
only a single data block may be written to a stripe, thereby incurring a 
relatively large penalty since four I/O operations are required for computing 
parity. For example, parity by subtraction requires four I/O operations. In a 

15 RAID array comprising four disks where one disk is a parity disk, writing three 
data blocks to a stripe and then computing parity for the data blocks yields 75% 
(three of four disks utilized) efficiency, whereas writing a single data block to a 
stripe has an efficiency of 25%. 

20 This allocation algorithm uses whole stripes as much as possible while 

attempting to keep a substantial portion of a file in a contiguous space on disk. 
The systems attempts to reduce effects of randomly scattering file across disks, 
thereby requiring multiple disk seeks. If a 12 KByte file is stored as 4 KByte 
blocks on three separate disks (one stripe), three separate accesses must be 

25 scheduled to sequentially access the file. This occurs while other clients 
attempting to retrieve files from the file system are queued. 
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filJMMARY OF THE INVENTION 

The present invention is a system to integrate a file system with RAID 
array technology. The present invention uses a RAID layer that exports precise 

5 information about tiie arrangement of data blocks in the RAID subsystem to 
the file system. The file system examines this information and uses it to 
optimize tiie location of blocks as they are written to tiie RAID system. The 
present invention uses a RAID subsystem that uses a block numbering scheme 
that accommodates this type of integration better than other block numbering 

10 schemes. The invention optimizes writes to the RAID system by attempting to 
insure good read-ahead chunks and by writing whole stripes at a time. 

. A method of write allocations has been developed in the file system that 
improves RAID performance by avoiding access patterns that are inefficient for 

15 a RAID array in favor of operations that are more efficient. Thus, the system 
uses explicit knowledge of the underlying RAID disk layout in order to 
schedule disk allocation. The present invention uses separate current-write 
location pointers for each of the disks in the disk array. These current-write 
location pointers simply advance tiirough the disks as writes occur. The 

20 algorithm used in the present invention keeps the current-write location 
pointers as dose to the same stripe as possible, thereby improving RAID 
efficiency by writing to multiple blocks in the stripe at the same time. The 
invention also allocates adjacent blocks in a file on the same disk, thereby 
improving performance as the data is being read back. 



25 
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The presait invention writes data on the disk with the lowest current- 
write location pointer. The present invention chooses a new disk only when it 
starts allocating space for a new file, or when it has allocated a sufficient 
number of blocks on the same disk for a single file. A sufficient number of 
5 blocks is defined as all the blocks in a chunk of blocks where a chimk is just 
some nimiber N of sequential blocks in a file. The chunk of blocks are aligned 
on a modulo N boimdary in the file. The result is that the current-write 
location pointers are never more than N blocks apart on the different disks. 
Thus, large files will have N consecutive blocks on tiie same disk. 
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RT?TF.F DKSCRIPTION OF THE DRAWINGS 

Figiire 1 is a block diagram of a prior art Raid level 4 subsystem; 

5 Figure 2 is a block diagram of a prior art Raid level 5 subsystem; 

Figure 3 is a flowchart illustrating the present invention for allocating 
files using a RAID array integrated with the WAFL file system; 

10 Figure 4 is a flowchart illustrating step 330 of Figure 3; 

Figure 5 is a flowchart illustrating step 490 of Figure 4; 

Figure 6 is a drawing illustrating a tree of buffers referenced by a WAFL 

15 inode; 

Figure 7 is a drawing illustrating a list of dirty inodes; 

Figure 8 is a diagram illustrating allocation of a tree of buffers referenced 
20 by inode 720 in Figure 7; 

Figures 9A-9J are diagrams illustrating allocation of disk space according 
to Figure 5; and, 

25 Figure 10 is a diagram illustrating the systan of the present invention. 
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DETAILED DESCRIPTION OF THE PRESENT INVENTION 

A method of allocating fUes in a file system using RAID arrays is 
described. In the following description, numerous specific details, such as 
5 number and nature of pointers, disk block siz;es, etc., are described in detail in 
order to provide a more thorough description of the present invention. It will 
be apparent, however, to one skilled in the art, that the present invention may 
be practiced without these specific details. In other instances, well-known 
features have not been described in detail so as not to unnecessarily obscure 
10 the present invention. 

For computers used in a networking system, each hard disk operates 
faster than a network does. Thus, it is desirable to use independent heads in a 
RAID system. This enables multiple clients to simultaneously access different 
15 files stored on separate disks in the RAID array. This significantly reduces the 
access time for retrieving and storing data in a RAID system. 

Figure 10 is a diagram illustrating the system of the present invention 
comprising a RAID sub-system. Computer 1010 comprises a central processing 

20 unit (CPU) 1012 and memory 1014. The CPU 1012 is coupled to the memory 

1012 by bus 1016. Bus 1016 couples computer 1010 to RAID controller 1020. Bus 
1016 also couples the computer 1010 to a network controller 1040. Raid 
controller 1020 is coupled to parity disk 1020 and data disks 1022 to 1024 of 
RAID array 1030 by bus 1026. Computer 1010 performs allocates files in a 

25 WAFL file system integrated with the RAID disk sub-system comprising RAID 
controller 1020 and disks 1020-1024. 
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The present invention provides an improved method of allocating 
blocks in a RAID array 1030. The system uses a RAID level 4-type array 1030 
comprising N disks 1030 in the RAID array including the parity disk 1020. The 

5 other N-1 disks 1022-1024 are data disks for storing data blocks. A stripe in this 
RAID system comprises a plurality of 4 KByte blocks wherein each 4 KByte 
block is stored on a separate disk in the array. Each block in the stripe is stored 
at the same corresponding location on disk. In broad terms, a file is a structure 
for storing information wherein the data is segmented, or divided up, into 

10 blocks of a constant size. For instance, the file system of the present invention 
uses 4 KByte blocks for storing data on disk. However, it should be obvious to 
a person skilled in the art that any block size (i.e., 512, 1024, 2048 bytes, etc.) may 
be utilized witiiout deviating from the scope of the present invention. Thus, 
for example, a 15 KByte file comprises four 4 KByte data blocks, whereas a 

15 1 KByte file comprises a single 4 KByte data block. 

In tiie present invention, a file comprising a plurality of data blocks is 
allocated in groups having a fixed ntimber of blocks on a single disk in the 
RAID array. This is imlike prior art RAID systems wherein the data of a file is 
20 written across the N-1 data disks in single bytes or in data blocks (i.e., 4 KByte 
blocks). In tihe preferred embodiment of tiie present invention, a file is 
allocated as groups of up to 8 data blocks (32 KB) on a single data disk. Thus, a 
file is allocated going down on an individual disk. 

25 An important aspect of tiie present invention is the method for 

simultaneously storing data blocks in up to 32 KByte "chimks" on each disk for 
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a maximum number of different files. Ideally, each stripe, across the plurality 
of disks, is filled completely by concurrently writing a data block to each of the 
N-1 disks for N-1 different files- 

5 The concept of integrating the file system of the present invention with 

RAID provides knowledge of where all the arms are on all of the disks, and to 
control the sequence of writes as a result. So, at any one time, a maximal 
group of writes are executed, so that the parity disk is not "hot" and therefore is 
not seeking all over the RAID array. It is not "hot", which indicates a 

10 bottleneck in flie system, because it has flie same number of writes. In a best 
case scenario, all of the blocks in a stripe are empty when performing a write, 
thus parity is computed for three writes to three data disks, for instance. 
However, it is likely that one or several data blocks of a stripe may be filled 
since oflier preexisting data is stored in the RAID subsystem. So in a typical file 

15 system, for example, two writes may be performed to a first stripe, single writes 
on a second and third stripe, and finally a triple write on a fourth stripe. Thus, 
four parity computations must be performed for writing seven data blocks in 
four stripes. 

20 The present system attempts to write whole stripes while keeping each 

file on a single disk. Thus, the head on the parity disk is not seeking all over 
the disk. A disk can take data at higher rates if the head is sitting on a single 
cylinder, and not seeking across larger numbers of tracks per disk. This has the 
further advantage that single cylinders in disk drives store up to a quarter 

25 megabyte of data or more, thereby allowing large "chtmks" of a file to be 
written to a single track. For example, in a file system that is 90% full, a 250 
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KByte cylinder is still able to store 25 KB of data. An adjacent cylinder can then 
be sought in a quarter revolution of the disk, and another hit occur to write 
another 25 KB on a single disk. For a file system that is 90% full, a file having a 
size that is less than 50 KB can be stored rapidly in adjacent tracks on a single 
5 disk in a RAID array. Thus, if it is known that a file is going to be stored right 
on down through a disk, the disk does not beconxe "hot" due to seeks. It does 
not experience many more writes plus seeks than the other disks in the 
system. Each disk in the RAID array has comparable number of writes. 
Further, when reading, the file's queue of allocation requests will not back up 
10 behind the queues of the other disks. 

There are data structures in the file system that communicate with the 
RAID layer. The RAID layer provides information to the file system to 
indicate what the RAID layer system looks like. The data structures contain an 

15 array of information about each disk in the RAID system. There is an 

additional reason with RAID why it is important, if possible, to write multiple 
file blocks to titie same stripe. This is necessary because when a block is updated 
in RAID, writing a single data block requires four disk I/Os. It is preferable to 
write three blocks to a stripe, rather than a single write and two reads for 

20 efficiency. 

As network needs get higher than individual disk bandwidths, it is 
desirable to read ahead sufficiently, while accessing a fiOle, to access another disk 
in advance. This is particularly useful with large files or fast networks such as 
25 FDDI and ATM. 
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The invention keeps a pointer for each of the disks that points to the 
cnrrent-write-location of each disk. The current-write-location pointer simply 
advances all the way tiirough the disk until it reaches the end of the disk, and 
then tiie pointer returns to the top of the disk. For the disks of the RAID array 
5 collectively, the current-write-location points of the disks are kept as close 
together as possible. Thus, as blocks are being allocated down through each 
disk, stripes are filled up as processing occurs in the RAID array. In order to 
keep files contiguous on the same disk, a fixed nimiber of blocks are allocated 
on the same disk. 

10 

The allocation algorithm requires a buffer for collecting a group of files 
so that contiguous groups of file blocks may be written to each disk while 
simultaneously filling stripes during processing. Thus, files are not written 
instantly to disk as they come into the RAID system, but are instead collected 

15 in the buffer for subsequent allocation to disk. In its simplest form, the 

allocation algorithm chooses a file in the buffer (randomly or otherwise) to 
write, locates the disk of the RAID array having a current-write-location 
pointer that is furthest behind the other pointers of each corresponding disk, 
takes a fixed group (8 blocks of 4 KB) of contiguous blocks on tiiat disk that are 

20 available, and allocates them for the present file. In an NFS system, file 
requests usually arrive at a file server in imits of 8 KB of data. The present 
invention reads ahead in 32 KByte segments that corresponds witii the 
amount of file data that is stored contiguously on each disk. The basic concept 
of this method is that the amount of data to be stored contiguously on each 

25 disk corresponds to the amount of data that the algorithm reads ahead on each 
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disk. If the blocks are not contiguous on disk, a space may exist in the nuddle 
that must be skipped to move the current-write-location pointer forward. 

Blocks are sent down to the RAID subsystem by the file system in stripes 
5 when the current-write-location pointer moves beyond the current minimum. 
Thus, data blocks are packaged together to write as stripes to the RAID 
subsystem in order to obtain better system performance. This is unlike prior 
art systems where a RAID subsystem is attached at the bottom of an ordinary 
file system. These prior art systems tjrpically attempt to optimize performance 

10 by using a large cache between the file system and the RAID subsystem layers 
to improve performance. The cache then attempts to locate stripes that match 
the file size. Thus, the RAID subsystem of the prior art cannot control or affect 
where the file system puts the blocks of a file. Most Unix file systems cannot 
put fiJies where they want them, but instead must put them in fixed locations. 

15 Thus, for a prior art system having a one megabyte cache, it is highly unlikely 
that groups of data in one megabyte "chunks" (cache size) are going to line up 
contiguously when scattered randomly over a large RAID system of 10 
gigabytes, for instance. 

20 The present invention significantly reduces swapping between disks 

when accessing a single file by a factor of eight (32 KB). 

Write Anywhere File-system Layout 



25 



The present invention uses a file system named Write Anywhere 
File-system Layout (WAFL). In broad terms, WAFL uses files to store 
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meta-data that describes the file system layout. This file system is block-based 
using 4 KByte blocks with no fragments. Files in the WAFL file system are 
described by inodes that contain information including the size of each file^ its 
location, its creator, as well as otiier file information. Thirdly, directories are 
5 simply files in this file system wherein the files have been specially formatted. 
Two important in-core data structures in WAFL are the WAFL inode and the 
WAFL buffer. The WAFL inode represents a particular file in the file system. 
It contains the entire on-disk inode as well as other information. The WAFL 
buffer stores one 4 KByte data block of a file in memory. 

10 

WAFL Inodes 

Figure 6 is a diagram illustrating a file referenced by a WAFL inode 610. 
The file comprises indirect WAFL buffers 620-624 and direct WAFL buffers 

15 630-634. The WAFL in-core inode 610 comprises standard inode information 
610A (including a count of dirty buffers), a WAFL buffer data structure 610B, 16 
buffer pointers 61 OC and a standard on-disk inode 61 OD. The in-core WAFL 
inode 610 has a size of approximately 300 bytes. The on-disk inode is 128 bytes 
in size. The WAFL buffer data structure 610B comprises two pointers where 

20 the first one references the 16 buffer pointers 61 OC and the second references 
the on-disk block numbers 610D. 

Each inode 610 has a count of dirty buffers that it references. An inode 
610 can be put in the list of dirty inodes and /or the list of inodes that have dirty 
25 buffers. When all dirty buffers referenced by an inode are either scheduled to 
be written to disk or are written to disk, the count of dirty buffers to inode 610 
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is set to zero. The inode 610 is then requeued according to its flag (i.e., no dirty 
buffers). This inode 610 is cleared before the next inode is processed. 

The WAFL buffer structure is illustrated by indirect WAFL buffo: 620. 

5 WAFL buffer 620 comprises a WAFL buffer data structxare 620A, a 4 KB buffer 
620B comprising 1024 WAFL buffer pointers and a 4 KB buffer 620C comprising 
1024 on-disk block numbers. The 1024 on-disk block numbers reference the 
exact contents of blocks from disk. The 1024 pointers of buffer 620C are filled in 
as child blocks are loaded into buffers 620 in the cache. The WAFL buffer data 

10 structure is 56 b3rtes in size and comprises 2 pointers. One pointer of WAFL 
buffer data structure 620A refo-ences 4 KB buffer 620B and a second pointer 
references buffer 620C. In Figure 6, the 16 buffer pointers 610C of WAFL inode 
610 point to the 16 single-indirect WAFL buffers 620-624. In turn, WAFL buffer 
620 references 1024 direct WAFL buffer structures 630-634. WAFL buffer 630 is 

15 representative direct WAFL buffers. 

Direct WAFL buffer 630 comprises WAFL buffer data structure 630A and 
a 4 KB direct buffo" 630B containing a cached version of a corresponding on- 
disk 4 KB data block. Direct WAFL buffer 630 does not comprise a 4 KB buffer 
20 such as buffer 620C of indirect WAFL buffer 620. The second buffer pointer of 
WAFL buffer data structure 630A is zeroed, and therefore does not pomt to a 
second 4 KB buffer. This prevoits inefficient use of monory becatise memory 
space would be assigned for an imused buffer oiherwise. 

25 In the WAFL file system as shown in Figure 6, a WAFL in-core inode 

structure 610 references a tree of WAFL buffer structures 620-624 and 630-634. 
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It is similar to a tree of blocks on disk referenced by standard inodes comprising 
block munbers that pointing to indirect and/or direct blocks. Thus, WAFL 
inode 610 contains not only the on-disk inode 610D comprising 16 volume 
block numbers, but also comprises 16 buffer pointers 61 OC pointing to WAFL 
5 buffer structures 620-624 and 630-634. WAFL buffers 630-634 contain cached 
contents of blocks referenced by volume block numbers. 

The WAFL in-code inode 610 contains 16 buffer pointers 610C. In turn, 
the 16 buffer pointers 61 OC are referenced by a WAFL buffer structure 61 OB that 

10 roots the tree of WAFL buffers 620-624 and 630-634. Thus, each WAFL inode 
610 contains a WAFL buffer structure 610B that points to the 16 buffer pointers 
610C in the inode 610. This facilitates algorithms for handling trees of buffers 
that are implemented recursively (described below). If the 16 buffer pointers 
61 OC in the inode 610 were not represented by a WAFL buffer structure 61 OB, 

15 the recursive algorithms for operating on an entire tree of buffers 620-624 and 
630-634 would be difficult to implement. 

List of Inodes Having Dirty Blocks 

20 WAFL in-core inodes (i-e,, WAFL inode 610 shown in Figure 6) of the 

WAFL file system are maintained in different linked lists according to their 
status. Inodes that contain dirty data are kept in a dirty inode list as shown in 
Figure 7. Inodes containing valid data that is not dirty are kept in a separate 
list and inodes that have no valid data are kept in yet another, as is 

25 well-known in the art. The present invention utilizes a list of inodes having 
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dirty data blocks that facilitates finding all of the inodes that need write 
allocations to be done. 

Figure 7 is a diagram illustrating a list 710 of dirty inodes according to 
5 the present invention. The list 710 of dirty inodes comprises WAFL in-core 
inodes 720-750. As shown in Figure 7, each WAFL in-core inode 720-750 
comprises a pointer 720A-750A, respectively, that points to another inode in 
the linked list. For example, WAFL inodes 720-750 are stored in memory at 
locations 2048, 2152, 2878, 3448 and 3712, respectively. Thus, pointer 720A of 

10 inode 720 contains address 2152. It points therefore to WAFL inode 722. In 
turn, WAFL inode 722 points to WAFL inode 730 using address 2878. WAFL 
inode 730 points to WAFL inode 740. WAFL inode 740 points to inode 750. 
The pointer 750A of WAFL inode 750 contains a null value and therefore does 
not point to another inode. Thus, it is the last inode in the list 710 of dirty 

15 inodes. 

Each inode in tine list 710 represents a file comprising a tree of buffers as 
depicted in Figure 6. At least one of the bviffers referenced by each inode 
720-750 is a dirty buffer. A dirty buffer contains modified data that must be 
20 written to a new disk location in the WAFL system. WAFL always writes dirty 
buffers to new locations on disk. While the list 710 of dirty inodes in Figure 7 
is shown as a singly-linked list, it should be obvious to a person skilled in the 
zirt that the list 710 can be implanented using a doubly-linked list or other 
appropriate data structure. 
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In contrast to the WAFL system, FFS keeps buffers in a cache that is 
hashed based on the physical block number of the disk block stored in the 
buffer. This works in a disk system where disk space is always allocated for 
new data as soon as it is written. However, it does not work at all in a system 
5 such as WAFL where a megabyte (MB) or more of data may be collected in 
cache before being written to disk. 

File Allocation Algorithms 

Figure 3 is a flow diagram illustrating the file allocation method of the 
present invention. The algorithm begins at start step 310. In step 320, an inode 
is selected with dirty blocks from the list of inodes having dirty blocks. In step 
330, the tree of buffers represented by the inode are write-allocated to disk. In 
decision block 340, a check is made to determine if all inodes in the dirty list 
have been processed. If decision block 340 returns false (No), execution 
continues at step 320. However, when decision block 340 returns true (Yes), 
execution continues at step 350. In step 350, all unwritten stripes are flushed to 
disk. The algorithm terminates at step 360. When files stored in cache are 
selected for allocation, directories are allocated first. Next, files are allocated on 
a least-recently-used (LRU) basis. 

Figure 4 is a flow diagram illustrating step 330 of Figure 3 for write 
allocating buffers in a tree of buffers to disk. In step 330 of Figure 3, the tree of 
buffers referenced by an inode is write-allocated by calling algorithm Write 
Allocate (root buffer pointer of inode). The pointer in buffer data structure 
61 OB of WAFL inode 610 that references 16 buffer pointer 610C is passed to the 
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algorithm. In Figure 4, the algorithm begins in step 410. Step 410 indicates that 
a bxiffer pointer is passed to algorithna Write Allocate algorithm. In decision 
block 420, a check is made to determine if all child buffers of tiie buffer pointer 
have been processed. When decision block 420 returns true (yes), system 
5 execution continues at step 430. In step 430, the recursive algorithm returns to 
the calling procedure. Thus, the Write Allocation algorithm may return to 
decision block 340 of the calling procedure illustrated in Figure 3. 
Alternatively, it may return to decision block 480 of Figure 4 when called 
recursively (described below). 

10 

When decision block 420 returns false (no), system execution continues 
at step 440. In step 440, the next child buffer of the buffer that is referenced by 
the buffer pointer is obtained. In decision block 450, a check is made to 
determine if the child buffer is at the lowest level. When decision block 450 
15 rettn-ns false (no), system execution continues at step 460. In step 460, the write 
allocate algorithm is recursively called using the child buffer pointer. System 
execution then continues at decision block 480. When decision block 450 
returns true (yes), system execution continues at step 480. 

20 In decision block 480, a check is made to determine if the child buffer is 

dirty. When decision block 480 returns true (yes), system execution continues 
at step 490. In step 490, disk space is allocated for the child buffer by calling the 
algorithm Allocate Space (child buffer pointer). System execution then 
continues at decision block 420. When decision block 480 returns false (no), 

25 system execution continues at decision block 420. The algorithm illustrated in 
Figure 4 performs a depth-first post-visit traversal of all child buffers allocating 



wo 94/29796 



PCTAJS94/06322 



-22- 

new disk space for the dirty ones. Post-visit traversal is required because 
allocating space for a child buffer changes the parent buffer. 

Figure 5 is a flow diagram illustrating step 490 of Figure 4 for allocating 
5 space on disk. In step 510, the algorithm for allocating space is passed the 
buffer pointer of a buffer that is being allocated disk space. In decision block 
520, a check is made to determine if the buffer is made in a different file from 
the last buffer or is in a different read-ahead churOc than the last buffer. When 
decision block 520 returns true (yes), system execution continues at step 530. In 
10 step 530, the disk to be written on is selected. The disk to be selected on is 
chosen by looking at the lowest current-write location (CWL) pointer for all 
the disks. The default disk that is to be written on is the one that has the 
lowest pointer value. System execution then continues at step 540. When 
decision block returns faxilts (no), system execution continues at step 540. 

15 

In step 540, tiie old block assigned to the buffer is freed. The old block for 
the buffer is freed by updating the block map (blkmap) file so that the entry for 
the specified block indicates that the block is no longer used by the active file 
system. This is accomplished by clearing (0) bit zero of tiie entry in the blkmap 
20 file for tiie specified block. In step 550, a current block on the chosen disk is 

allocated. This accomplished by marking the CWL pointer for the default disk 
to be written on as allocated in the blkmap file, and scanning the blkmap file to 
find the next CWL pointer to a block for the chosen disk. Step 550 returns the 
newly allocated block to tiie algorithm illustrated in Figure 5. 

25 
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In Step 560, the allocated block on disk is assigned to the buffer. In step 
570, the buffer is added to a list of writable buffers for the chosen disk. In step 
580, the stripes are written if possible. Step 580 checks the disk buffer queues 
for buffers that are part of a complete strip. It sends the buffers down to the 
5 RAID sub-system as a group to be written together as efficiently as possible. In 
step 590, the algorithm returns to the calling algorithm. 

Steps 530-550 use free block management functions. These functions 
maintain a set of global variables that keep track of the disk that is currently 

10 being written on and what the next free block on each disk is. They also update 
blkmap file entries as blocks are freed and allocated. When the file system 
starts, the CWL pointer is initialized to point to the first free block on the disk. 
As free blocks are used, the CWL pointer is advanced through the disk until 
the end of the disk is reached. At this point the selection wraps aroimd to the 

15 first free block on the disk. 

Steps 560-580 are disk input/output (I/O) functions. These fimctions 
manage the I/O operations of each disk. Each disk has a queue of buffers 
waiting to be written to the disk. Buffers are released from the queues and 
20 written to the disk I/O sub-system as complete stripes are generated. A stripe is 
complete as soon tiie CWL pointer value of all the disks has passed the blocks 
of the stripe. That is if there are three data disks with CWL pointers having 
values of 231, 228 and 235, then all stiipes below the lowest value of 228 are 
complete. 
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As discussed above with reference to Figures 3 and 4, the Allocate Space 
algoritiim illustrated in Figure 5 is called for every dirty buffer that is 
processed. The algorittims in Figures 3 and 4 process one file at a time, and 
each file is processed sequentially. Thus, the Allocate Space algorithm for dirty 
5 buffers is not called randomly, but instead is called for the plurality of dirty 
buffers of each file. 

The present invention satisfies two constraints when allocating disk 
groups of blocks in a RAID array. The first constraint is to allocate successive 
10 blocks for each individual file on the same disk in order to improve 

read-ahead performance. A second constraint is to allocate all free blocks in a 
stripe simultaneously in order to improve the write performance of the RAID 
array. 

15 The algorithm satisfies the first constraint by choosing a particular file 

for allocation, selecting a disk in the RAID array to allocate the dirty blocks of 
the file on, and allocating successive free blocks on the disk for successive dirty 
blocks of the file. The algorithm satisfies the second constraint by keeping the 
current-write-location for each disk starting at zero and incrementing the 

20 current-write location as block allocations occur imtil it reaches the end of the 
disk. By keeping the current-write-locations of all the disks in the RAID array 
close together, blocks in the same stripe tend to be allocated at about the same 
time. One metiiod of keeping the current-write-locations dose to each other is 
to always allocate blocks on the disk with the lowest current-write-location. 



25 
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A backlog of requests is required in order to send blocks down to RAID a 
stripe at a time because disks often do not have the same 
current-write-location. Therefore, each disk has a queue of buffers to be 
written. Any buffers having on-disk block numbers less than the minimum 
5 current-write-location of all the disks are eligible to be written. The present 
invention scans all disks of the RAID array for blocks with the same 
current-write-location (i.e., buffers in the same stripe) so that it can send 
buffers down to the RAID sub-system a stripe at a time. This is described in 
greater detail below. 



Processing of Inodes Having Dirty Buffers 

The list 710 of dirty inodes illustrated in Figure 7 is processed as follows 
15 according to the flow diagram in Figure 3. In step 320, WAFL inode 720 is 
selected from the list 710 of dirty inodes. The tree of buffers referenced by 
WAFL in-oode inode 720 is write-allocated in step 330. In decision block 340, a 
check is made to determine if all inodes in the list 710 of dirty inodes have 
been processed. Decision block 340 returns false (no), and execution continues 
20 at step 320. In step 320, the next inode 722 having dirty buffers is selected. 
Inode 722 is referenced by the previous inode 720 in the list 710. In step 330, 
the tree of buffers referenced by WAFL in-code inode 722 is write-allocated. In 
decision block 340, a check is made to determine if all inodes in the list 710 of 
dirty inodes have been processed. Decision block 340 returns false (no). Thus, 
25 inodes 730 and 740 are processed in a similar maimer. After inode 740 is write 
allocated to disk in step 330, decision block 340 checks if all inodes in the dirty 
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list have been processed. Decision block 340 returns false (no) and execution 
continues at step 320. 

In step 320, inode 750 that is pointed to by inode 740 is selected from the 
5 list 710 of dirty inodes. In step 330, inode 750 is write allocated to disk. In 
decision block 340, a check is made to determine if all inodes in the list 710 of 
dirty inodes have been processed. The pointer 750A is empty. Thus, inode 750 
does not point to another inode in list 710. Decision block 340 returns true 
(yes) and system execution continues at step 350. In step 350, all tmwritten 
10 stripes are flushed to disk. Thus, in step 350, when all dirty inodes 720-750 in 
the list 710 of dirty inodes have been write-allocated, any queued buffers and 
incomplete stripes are forced out to disk, as described below. In step 360, the 
algorithm terminates. 

15 Write Allocating a Tree of Buffers 

Figure 8 is a diagram illustrating allocation of a tree of buffers 820-850, 
860A-860F and 870A-870D that is referenced by inode 810. In Figure 8, inode 
720 of Figure 7 is relabelled WAFL inode 810. WAFL inode 810 comprises 16 

20 buffer pointers 810A and a WAFL buffer data structure 810B that references the 
16 buffer pointers 810A. In Figure 8, indirect buffers 820 and 830 are dirty, 
whereas indirect buffers 840-850 are clean. Similarly, direct buffers 860A-860B 
and 860D are dirty. Direct buffer 870B is also dirty. All other buffers are dean. 
The diagram includes simplified versions of tiie WAFL buffers shown in 

25 Figure 6. The simplified diagram in Figure 8 is used to illustrate the algorithm 
shown in Figure 5. 
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In Figure 8, the WAFL inode 810 references a tree of WAFL buffers 820- 
850, 860A-860F and 870A-870D. The 16 buffer pointers 810A of WAFL inode 
810 are referenced by WAFL buffer structure 810B. In turn, buffer pointers 

5 810A reference indirect WAFL buffers 820-850, respectively. In Figure 8, buffer 
pointers 810A reference dirty WAFL buffer 820, dirty WAFL buffer 830, clean 
WAFL buffer 840 and clean WAFL buffer 850. Each of the indirect WAFL 
buffers comprises 1024 buffer pointers that reference 1024 direct WAFL buffers 
(as well as on-disk volume block numbers 620C shown in Figure 6). Indirect 

10 WAFL buffer 820 references direct WAFL buffers 860A-860R Direct WAFL 

buffers 860A-860B and 860D are dirty. Direct WAFL buffers 860C and 860E-860F 
referenced by indirect WAFL buffer 820 are clean. Direct WAFL buffer 870B 
referenced by indirect WAFL buffer 830 is also dirty. Direct WAFL buffers 870A 
and870C-870D. 

15 

The depth-first post-visit traversal of all child buffers while allocating 
new blocks for dirty WAFL buffers is described with reference to Figure 4. In 
step 410, the Write Allocate algorithm is passed the buffer pointer of WAFL 
buffer structure 810B of the WAFL inode 810 that references the 16 buffer 

20 pointers 810A of WAFL inode 810. In decision block 420, a check is made to 
determine if all child buffers (in this case, indirect WAFL buffers 820-850) of 
the buffer pointer contained in the WAFL buffer structure 810B have been 
processed. Decision block 420 returns false (no). In step 440, indirect WAFL 
buffer 820 is obtained as a child buffer of the WAFL buffer pointer m 810B. In 

25 decision block 450, a check is made to determine if indirect WAFL buffer 450 is 
at the lowest level remaining in the tree. Whai decision block 450 returns 
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false (no), system execution continues at step 460. In step 460, a call is made to 
the Write Allocate algorithm by passing the buffer pointer of indirect WAFL 
buffer 820. Thus, the Write Allocate algoritiun is recursively called. 

5 In step 410, the Write Allocate algorithm is called by passing the buffer 

pointer for indirect WAFL buffer 820. In decision block 420, a check is made to 
determine if all direct WAFL buffers 860A-860F of indirect WAFL buffer 820 
have been processed. Decision block 420 returns false (no). In step 440, direct 
WAFL buffer 860A is obtained. In decision block 450, a check is made to 

10 determine if direct WAFL buffer 860A is at the lowest level remaining in the 
tree. Decision block 450 returns true (yes), therefore system execution 
continues at decision block 480. In decision block 480, a check is made to 
detennine if direct WAFL buffer 860A is dirty. Decision block 480 returns true 
since direct WAFL buffer 860A is dirty. In step 490, space is aUocated for direct 

15 WAFL buffer 860A by passing the bviffer pointer for WAFL buffer 860A to the 
Allocate Space algorithm described in Figure 5. Once space is allocated for 
direct WAFL buffer 860A, system execution continues at decision block 420. 

In decision block 420, a check is made again to determine if all child 
20 buffers of indirect WAFL buffer 820 have been processed. Decision block 420 
returns false (no). In step 440, direct WAFL buffer 860B is obtained. In decision 
block 450, a check is made to determine if direct WAFL buffer 860B is at the 
lowest level remaining in the tree. Decision block 450 returns true (yes). In 
decision block 480, a check is made to determine if direct WAFL buffer 860B is 
25 dirty. Decision block 480 returns true (yes), therefore disk space is allocated for 
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direct WAFL buffer 860B in step 490. Once the call to Allocate Space is 
completed in step 490, system execution continues at decision block 420. 

In decision block 420, a check is made to determine if all child buffers of 
5 indirect WAFL buffer 820 have been processed. Decision block 420 returns 
false (no). In step 440, direct WAFL buffer 860C is obtained. In decision block 
450, a check is made to determine if direct WAFL buffer 860C is at the lowest 
level remaining in the tree. Decision block 450 returns true (yes). In decision 
block 480, a check is made to determine if direct WAFL buffer 860C is dirty. 
10 Decision block 480 returns false (no) since direct WAFL buffer 860 has not been 
modified and is therefore dean. System execution continues at decision block 
420. This process of allocating space for a child buffer of indirect WAFL buffer 
820 illustrated in Figure 4 continues xmtil direct WAFL buffer 860F (1024th 
buffer) is processed. Because direct WAFL buffer 860F (the last child buffer of 
15 indirect WAFL buffer 820) is dean, dedsion block 480 returns false (no). Thus, 
execution continues at dedsion block 420. In dedsion block 420, a check is 
made to determine if all child buffers (direct WAFL buffers 860A-860F) of the 
indirect WAFL buffer 820 have been processed. Dedsion block 420 returns true 
(yes), therefore system execution returns to the calling algorithm in step 430. 

20 

In step 430, the algorithm returns to decision block 480 due to the 
recursive caU. In decision block 480, a check is made to determine if the child 
buffer (indirect WAFL buffer 820) is dirty. Dedsion block 480 returns true (yes), 
thus execution continues at step 490. In step 490, disk space is allocated for 
25 indirect WAFL buffer 820 by caUing the Allocate Space algorithm by passing 
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the buffer pointer for indirect WAFL buffer 820. When the algorithm returns 
from step 490, execution continues at decision block 420. 

In decision block 420, a check is made to determine if all child buffers 
5 (indirect WAFL buffers 820-850) of the buffer pointer contained in WAFL 

buffer structure 810B of WAFL inode 810 have been processed. Decision block 
420 returns false (no)- In step 140, indirect WAFL buffer 830 is obtained. In 
decision block 450, a check is made to determine if indirect WAFL buffer 830 is 
at the lowest level remaining in the tree. Decision block 450 returns false (no), 
10 therefore system execution continues at step 460. In step 460, the Write 
Allocate algorithm is called recursively by passing the buffer pointer for 
indirect WAFL buffer 830. System execution continues at step 410 of the 
algorithm illustrated in Figure 4. 

15 In step 410, the buffer pointer for indirect WAFL buffer 830 is passed to 

the Write Allocate algorithm. In decision block 420, a check is made to 
determine if all child buffers (direct WAFL buffers 870A-870D) of indirect 
WAFL buffer 830 have been processed. Decision block 420 returns false (no), 
and system execution continues at step 440. In step 440, direct WAFL buffer 

20 870A (child buffer of indirect WAFL buffer 830) is obtained. In decision block 
450, a check is made to determine if direct WAFL buffer 870A is at the lowest 
remaining level in the tree. Decision block 450 returns true (yes), and system 
execution continues at decision block 480. In decision block 480, a check is 
made to determine if direct WAFL buffer 870A has been modified and is 

25 therefore a dirty child buffer. Decision block 480 returns false (no), since direct 
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WAFL buffer 870A is clean. Therefore, system execution continues at decision 
block 420. 

In decision block 420, a check is made to determine if the next child 
5 buffer (direct WAFL buffer 870B) of indirect WAFL buffer 830 has been 

processed. Decision block 420 returns false (no), and execution continues at 
step 440. In step 4«), direct WAFL buffo- 870B is obtained. In decision block 
450, a check is made to determine if direct WAFL buffer 870B is at the lowest 
level remaining in the tree. Decision block 450 returns true (yes), and system 

10 execution continues at decision block 480. In decision block 480, a check is 

made to determine if direct WAFL buffer 870B is a dirty buffer. Decision block 
480 returns true (yes) and system execution continues at step 490. In step 490, 
disk space is allocated for direct WAFL buffer 870B by calling the Allocate Space 
algorithm using the buffer pointer for direct WAFL buffer 870B. System 

15 execution then continues at decision block 420. 

The raoiaining dean direct WAFL buffers 870C-870D of parent indirect 
WAFL buffer 830 are processed by the algorithm shown in Figure 4. Because 
the remaining direct WAFL buffers 870C-870D that are children of indirect 

20 WAFL buffer 830 are dean, disk space is not allocated for these buffers. When 
decision block 480 checks to determine if direct WAFL buffer 870B is dirty, it 
returns false (no). System execution then continues at dedsion block 420. In 
decision block 420, a check is made to determine if all diild buffers (direct 
WAFL buffers 870A-870D) of indirect WAFL buffer 830 have been processed. 

25 Decision block 420 returns true (yes) and system execution continues at step 



wo 94/29796 



PCTAJS94/06322 



-32- 

430. In step 430, system execution returns to the calling algorithm. Therefore, 
system execution continues at decision block 480. 

In decision block 480, a check is made to determine if indirect WAFL 
5 buffer 830 is dirty. Decision block 480 returns true (yes), and execution 

continues at step 490. In step 490, disk spacs is allocated for indirect WAFL 
buffer 830 by calling Allocate Space algoritiun and passing it tiie buffer pointer 
for indirect WAFL buffer 830. System execution then continues at decision 
block 420. 

10 

In decision block 420, a check is made to determine if all child buffers 
(indirect WAFL buffers 820-850) of the buffer pointer contained in WAFL 
buffer structure 810B of WAFL inode 810 have been processed. Thus, indirect 
WAFL buffers 840-850 are recursively processed by the Write Allocate 
15 algorithm, as described above, until indirect WAFL buffer 850 is processed. 

When indirect WAFL buffer 850 is checked in decision block 480 if it is 
dirty, decision block 480 returns false (no) since indirect WAFL buffer 850 is 
clean. System execution continues at decision block 420. In decision block 420, 

20 a check is made to determine if all child buffers (indirect WAFL buffer 820-850) 
of the buffer pointer contained in the WAFL buffer structure 810B of WAFL 
inode 810 have been processed. Decision block 420 returns true (yes) and 
execution returns to the calling algorithm, in this case, tiie main algorithm 
illustrated in Figure 3. Thus, the entire tree of buffers comprising indirect 

25 WAFL buffers 820-850 and direct WAFL buffers 860A-860F and 870A-870D that 
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are referenced by WAFL inode 810 (inode 810 corresponds to WAFL inode 720 
of the list 710 of dirty inodes in Figure 7) is processed. 

In Figure 8, depth-first post-visited traversal of all buffers in the tree 
5 referenced by WAFL inode 810 is performed. In this manner, new disk space is 
allocated for dirty child buffers. As described above, indirect WAFL buffer 820 
is visited first. The child buffers of indirect WAFL buffer 820 are then 
processed sequentially. Since direct WAFL buffers 860A-860F of indirect 
WAFL buffer 820 are at the lowest level remainmg in the tree, they are 

10 processed sequentially. Direct WAFL buffer 860A is allocated disk space since it 
is a dirty child buffer. This is indicated by the numeral 1 contained within 
direct WAFL buffer 860A. Next, disk space is allocated for direct WAFL buffer 
860B (indicated by a numeral 2). Because direct WAFL buffer 860C is clean, it is 
not allocated disk space in step 490 of Figure 4. In this manner the direct 

15 WAFL buffers 860A-860F are allocated disk space if they are dirty. 

Once direct WAFL buffers 860A-860F of indirect WAFL buffer 820 are 
processed, indirect WAFL buffer 820 is allocated disk space. It is allocated disk 
space in step 490 since it is a dirty buffer. Similarly, direct WAFL buffer 870B is 
20 allocated disk space. Then the parent buffer (indirect WAFL buffer 830) of 
direct WAFL buffer 870B is allocated disk space. When completed, the 
sequence of writing buffers to disk is as follows: direct WAFL buffers 860A, 
860B, and 860D; indirect WAFL 820; direct WAFL buffer 870B; and, indirect 
WAFL buffer 830. 

25 

Allocating Space on Disk for Dirtv Buffers 
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Figure 9A illustrates cache 920 stored in memory and disk space 910 of 
the RAID array comprising the parity disk and data disks 0-3. The Allocate 
Space algorithm illustrated in Figure 5 is discussed with reference to Figure 9 

5 for four files 940-946. Initially, the CWL pointers of data disks 0-3 are set to 
equal blocks. Current-write location pointers 930A-930D reference data blocks 
950B-950E for data disk 0-3, respectively. In Figure 9, four files 940-946 are 
contained in the cache 920. The first file 940 comprises two dirty blocks Fl-0 
and Fl-1. The second file 942 comprises sixteen dirty blocks F2-0 to F2-15. The 

10 third file 944 comprises four dirty blocks F3-0 to F3-3. The fourth file 946 

comprises two dirty blocks F4-0 and F4-1. In disk space 910 for data disks 0-3, an 
X indicates an allocated block. Also, shown in cache 920 are four disk queues 
920A-920D for data disks 0-3, respectively. 

15 Each of the four files 940-946 is referenced by an inode in a list 710 of 

dirty inodes as shown in Figure 7. For example, in Figure 7, inode 720 
references the first file 940. The other inodes 722, 730, and 740 of list 710 of 
dirty inodes reference fUes 942-946, respectively. These inodes in the list 710 of 
dirty inodes are processed as described above. The following description 

20 discloses allocation of blocks on disk and writing stripes to disk according to 
Figure 5. 

As shown in Figure 9A, the current write locations 930A-930D of data 
disk 0-3 reference data block 950B-950E, respectively. This is indicated in block 
25 950B-950E by a small box in the lower left-hand corner of the block. Similarly 
the queues 920A-920D of data disk 0-3 are empty as shown in Figure 9A. In 
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Figure 9A, disk blocks containing an X indicates that the blocks are already 
allocated in disk space 910. Each vertical colunwi represents a cylinder in disk 
space 910 for each data disks 0-3. The first file to be processed by the Allocate 
Space algorithm is file 940. 

5 

In step 510, the buffer pointer for buffer Fl-0 of file 940 is passed to the 
algoriflim. In decision block 520, a check is nfiade to determine if buffer Fl-0 is 
in a different file from the last buffer or in a different read-ahead chimk than 
the last buffer. Decision block 520 returns true (yes) because buffer Fl-0 is in a 

10 different file. In step 530, data disk 0 is selected to write on. In step 540, the 
previously allocated block of buffer Fl-0 is freed. In step 550, data block 952 of 
data disk 0 is allocated on the chosen disk for buffer Fl-0. Also, the CWL 930 A 
is advanced to reference the next free location on disk. In step 560, disk block 
952B is assigned to buffer Fl-0 of file 940. In step 570, buffer Fl-0 is added to the 

15 list 920A of writable buffers for data disk 0. In step 580, a check is made at the 
CWL to determine if it is in the lowest CWL in the file system. This is not 
true, so execution continues at step 590. 

Because another buffer Fl-1 is dirty in file 940, the Allocate Space 
20 algorithm is called again. System execution continues at step 510 where the 

pointer for buffer Fl-1 is passed to the algorithm. In decision block 520, a check 
is made to determine if buffer Fl-1 is in a different file from the last buffer (in 
this case, buffer Fl-0) or in a different read-ahead chunk than the last buffer. 
Decision block 520 returns false (no), and system execution continues at step 
25 540. Therefore, buffer Fl-1 is written to tiie same disk as buffer Fl-0. As shown 
in Figure 9B, data block 954B is allocated, thus the next ft-ee block on data disk 0 
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tiiat is available for allocation is block 956B. In step 540, the previously 
allocated block of buffer Fl-1 is freed. In step 550, block 956B on data disk 0 is 
aUocated for buffer Fl-1. In step 560, block 956B is allocated to buffer Fl-1. In 
step 570, buffer Fl-1 is assigned to the queue 920A of data disk 0. The CWL 
5 930A of data disk 0 references block 956B of data disk 0. In step 580, a check is 
made to determine if a stripe is ready to be sent to disk, however a complete 
stripe is not available. System execution then continues at step 590. 

As shown in Figure 9B, the first file 940 is allocated disk space, however 
10 the buffers Fl-0 and Fl-1 are not written to disk. Instead, they are stored in 
memory in queue 920A of data disk 0. 

In Figure 9C, the next file 942 is allocated to disk space 910. The second 
file 942 comprises 16 dirty blocks F2-0 to F2-15. The first buffer F2-0 of file 942 is 

15 passed to the algorithm illustrated in step 510. In decision blodc 520, a check is 
made to determine if buffer F2-0 is in a different file from the last buffer (in 
this case, buffer Fl-1) or in a different read-ahead chtmk than the last buffer. 
Decision block 520 returns true (yes) because buffer F2-0 is in a different file. In 
step 530, data disk 1 is selected to be written on. In step 540, the previously 

20 allocated block is freed. In step 550, the block 952C is allocated on data disk 1. 
In step 560, block 952C is assigned to buffer F2-0 of file 942. In step 570, buffer 
F2-0 is added to the list 920B of writable buffers for data disk 1. In step 580 a 
check is made to determine if a stripe is available to be written to disk. 
However, a stripe is not available to be written to disk since the block being 

25 written to is not lower than the lowest CWL in the RAID array. Thus, the 
algorithm continues at step 510. 
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The algorithm illustrated in Figure 4 passes a pointer for dirty file buffer 
for F2-1 to step 510 of Figure 5. In decision block 520, a check is made to 
determine if buffer F2-1 is in a different file from the last buffer (F2-0) or in a 

5 different read-ahead chimk than the last buffer. Decision block 520 returns 
false (no), and system execution continues at step 540. In step 540, block 954C is 
freed. In step 550 block 954C of data disk 1 is allocated. In step 560, block 954C is 
allocated to buffer F2-1. In step 570, buffer F2-1 is added to the list 920B of 
writable buffers for data disk 1. In step 580, the CWL 930B of data disk 1 is 

10 advanced to block 954C. A check is made to determine if a stripe is available to 
be written to disk. However, the CWL 930B of data disk 1 is not the lowest 
CWL pointer in the disk space 910. Thus, system execution continues at step 
590. 

15 Buffers F2-2 to F2-6 are allocated space on disk according to the 

algorithm illustrated in Figure 5. When the Allocate Space algorithm is called 
for the eighth buffer F2-7, a check is made in decision block 520 if buffer F2-7 is 
in a different file from the last buffer (F2-6) or in a different reader head chunk 
than the last buffer. Decision block 520 returns false (no), and system execution 

20 continues at step 540. In step 540, block 968C is freed. In step 550, block 968C is 
allocated on data disk 1. In step 560, block 968C is aUocated to buffer F2-7. In 
step 570, buffer F2-7 is added to the list 920B of writable buffers for data disk 1. 
In step 580, a stripe is written if possible. The CWL 930B of data disk 1 is 
advanced to block 970 since block 970 is already aUocated. Because block 970C 

25 of data disk 1 is not the lowest CWL in the disk space 910, a stripe is not written 
to disk. 
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In step 510 of Figure 5, the Allocate Space algorithm is called by passing 
the buffer pointer for buffer F2-8 of file 942. In decision block 520 a check is 
made to determine if buffer F2-8 is in a different file from the last buffer (F2-7) 
5 or in a different read-ahead chtmk than the last buffer (F2-7). Because eight 
buffers F2-0 to F2-7 of file 942 were part of the previous read-ahead chunk and 
have been allocated space, decision block 520 returns true (yes). In step 530, 
data disk 2 is selected to be written on. This is illustrated in Figure 9B. 

10 In step 530, the algoritiim selects a disk based by locating the disk having 

the lowest current-write location, ff multiple disks have the same lowest 
current-write location, the first one located is selected. 

In step 540, the previously allocated block of buffer F2-8 is freed. In step 
15 550, block 952D is allocated on data disk 2. In step 560, block 952D is assigned to 
buffer F2-8. In step 570, buffer F2-8 is added to the queue 920C of data disk 2. In 
step 580, a stripe is written if impossible. However, a stripe is not ready to be 
flushed to disk for buffer F2-8. Execution continues as step 510. 

20 In step 510, a pointer for buffer F2-9 of file 942 is passed to the Allocate 

Space algorithm. In decision block 520, a check is made to determine if buffer 
F2-9 is in a different file from the last buffer (F2-8) or in a different read-ahead 
chunk. Decision block 520 returns false (no) because buffer F2-9 is in the same 
file and read-ahead chunk as tiie last buffer F2-8. In step 540, block 954D of data 

25 disk 2 is freed for buffer F2-9. In step 550, block 954D is allocated on data disk 2. 
In step 560, block 954D of data disk 2 is assigned to buffer F2-9. In step 570, 
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buffCT F2-9 is added to the list 920C of writable buffers for data disk 2. In step 
580, the algorithm attempts to write a stripe to disk, however a stripe is not 
available to be written to disk. 

5 As shown in Figure 9D, disk blocks 952D to 968D are allocated for buffers 

F2-8 to F2-15 of file 942. As blocks are allocated for tiie dirty btaffers F2-8 to F2- 
15 according to the algorithm in Figure 5, buffers F2-8 to F2-15 are added to the 
list 920C of writable buffers for data disk 2. In step 580, the system attempts to 
write a stripe to disk. However, a complete stripe is not available to be written. 

10 In step 590, system execution returns to the calling algorithm. 

The third file referenced by an inode in the list 710 of dirty inodes is file 
944. File 944 comprises foiu- dirty blocks F3-0 to F3-3. The dirty buffers F3-0 to 
F3-3 of file 944 are processed by the algorithm Allocate Space. The allocation of 

15 dirty buffers of file 944 is described with reference to Figures 9E-9F. In step 510, 
Allocate Space algorithm is passed a buffer pointer for buffer F3-0 of file 944. In 
decision block 520, a check is made to determine if buffer F3-0 of file 944 is in a 
different file from the last buffer (buffer F2-15 of file 942) or in a different read- 
ahead chunk as the last buffer. Decision block 520 retxams true (yes) because 

20 buffer F3-0 is in a different file. In step 530, data disk 3 having the lowest CWL 
(as illustrated in Figure 9D for data block 950E) is selected as the disk to be 
written on. In step 540, the previously allocated block for buffer F3-0 is freed. 
This is accompUshed by updating the entry in the blkmap file for block 952E to 
indicate that block 952E is no longer tised by the active file system. In step 550, 

25 the current block 952E on data disk 3 is allocated. This is accompUshed by 

advancing the current-write location 930D of data disk 3 to data block 952E. In 
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step 560, block 952E is assigned to buffer F3-0 of file 944. In step 570, buffer F3-0 
is added to the list 920D of writable buffers for data disk 3 . 

In step 580, stripes are written to disk if possible. This is accomplished by 
5 checking the buffer queues 920A-920D of data disks 0-3 for a complete stripe. In 
Figtu-e 9E, a complete stripe is contained in the disk queues 920A-920D 
comprising buffers Fl-0, F2-0, F2-8 and F3-0. These buffers are sent down to the 
RAID sub-system as a group to be written together as efficiently as possible. 
This is illustrated in Figure 9E where stripe 980 is written to parity block 952A 
10 and data blocks 952B-952E of data disks 0-3, respectively. The stripe is 

illustrated as being enclosed within a dotted line. Thus, buffer Fl-0 is written 
to disk in block 952B of data disk 0. Similarly, buffers F2-0, F2-8, and F3-0 are 
written to blocks 952C, 952D and 952E, respectively. As shown in Figure 9E, the 
lowest current-write location 930D of data disk 3 is located in block 952E. As 
15 stripe 580 is written to disk, buffers Fl-0, F2-0, F2-8 and F3-0 are removed from 
queues 920A-920D. This is illustrated in Figure 9E. The algorithm then 
returns to the calling routine in step 590. 

The buffer pointer of bxaffer F3-1 of file 944 is then passed to the Allocate 
20 Space algorithm in step 510. In decision block 520, a check is made to 
determine if buffer F3-1 is in a different file from the last buffer or in a 
different read-ahead chunk as the last buffer. Decision block 520 returns false 
(no) and system execution continues at step 540. In step 540, the previously- 
allocated block for buffer F3-1 is freed. In step 550, block 954E is allocated on 
25 data disk 3. The current-write location 930D of data disk 3 is advanced to block 
956E in Figure 9F from block 952E in Figure 9E. The current-write location 
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930D is advanced to block 956E beyond the currently allocated block 954E, 
because block 956E is already allocated (indicated by the X in the block). In step 
560, block 954E is assigned to buffer F3-1 of file 944. In step 570, buffer F3-1 is 
added to the list 920D of writable buffers for data disk 3. In step 580, two stripes 

5 982 and 984 are written to disk. This occurs because the lowest current-write 
location 930A and 930D of data disks 0 and 3 reference data blocks 956B and 
956E. As shown in Figure 9F, stripe 982 comprising buffers F2-1, F2-9 and F3-1 
is written to blocks 954C to 954E. Stripe 984 is then written to disk as well. The 
corresponding buffers are removed from lists 920A-920D when stripes 982 and 

10 984 are written to disk. In step 590, system execution returns to the calling 
algorithm. 

Similarly, buffers F3-2 and F3-3 of file 944 are allocated disk blocks 958E 
and 960E according to the algorithm shown in Figtire 5. Buffers F3-2 and F3-3 

15 of file 944 are allocated to the list 920D of data disk 3 as shown in Figure 9G. 

The current-write location 930D is advanced to block 960E of data disk 3 for file 
944. As shown in Figure 9G, the lowest currait-write location is current-write 
location 930A of data disk 0 that references data block 956B. The other current- 
write locations 930B-930D reference blocks 970C, 968D and 960E of data disks 1- 

20 3. Further, as shown in Figure 9G, the queue 920A of data disk 0 is empty. The 
list 920B of writable buffers for data disk 1 comprises buffers F2-3 to F2-7 of file 
942. The list 920C of data disk 2 comprises the remaining dirty buffers F2-11 to 
F2-15 of file 942. The list 920D of data disk 3 comprises dirty buffers F3-2 to F3-3 
of file 944. 

25 
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The fourth file 946 comprising dirty buffers F4-0 to F4-1 is allocated disk 
space using the algorithm illustrated in Figure 5. In step 510, dirty buffer F4-0 
of file 946 is passed to the Allocated Space algoritiun. In decision block 520, a 
check is made if buffer F4-0 is in a different file from the last buffer (F3-3) or in 
5 a different read-ahead chimk as tiie last buffer. Decision block 520 returns true 
(yes) because buffer F4-0 is in a different file. In step 530, a check is made to 
determine the lowest current-write location in the disk space 910. As shown in 
Figure 9G, the lowest current-write location is current-write location 930A that 
references block 956B of data disk 0. Thus, in step 530, data disk 0 is selected to 
write on. In step 540, tiie previously allocated block of buffer F4-0 of data disk 0 
is freed. In step 550, block 958B is allocated on data disk 0. This advances the 
current write location 930A of data disk 0 from block 956B to block 958B. This 
is indicated in Figure 9H by the solid square in the lower left-hand comer of 
Figure 9H. In step 560, block 958B is allocated to buffer F4-0. In step 570, buffer 
15 F4-0 is added to the list 920A of writable buffers for data disk 0. In step 580, 
stripe 986 comprising buffers F4-0, F2-11 and F3-2 are written to disk, and the 
buffers are removed from queues 920A and 920C-920D, accordingly. In step 
590, system execution returns to the calling algorithm. 

20 Referring to Figure 91, dirty block F4-1 of file 946 is passed to the Allocate 

Space algorithm in step 510. In decision block 520, a check is made to 
determine if the buffer is in a different file from the last buffer or in a different 
reader head chunk as the last buffer. Decision block 520 returns false (no) and 
system execution continues at step 540. In step 540, the previously allocated 

25 block is freed. In step 550, block 960B of data disk 0 is allocated. This advances 
the current-write location 930A of data disk 0 from block 958B to 960B. In step 
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560, aUocated block 960B is assigned to buffer F4-1. In step 570, buffer F4-1 of 
file 946 is added to the Ust 920A of writable buffers for data disk 0. In step 580, 
stripe 988 is written to disk. This occurs because stripe 988 comprises blocks 
960A-960E having the lowest current-write location 930A. Buffers F4-1, F2-3, 
5 F2-12 and F3-3 are removed from lists 920A-920D, respectively. In step 590, 
S3rs^n execution returns to the calling algorithm. 

As shown in Figure 91, the current-write-locations 930A-930D of data 
disks 0-3 reference blocks 960B, 970C, 968D and 960E. Allocated blocks that are 
10 lower than the lowest current-write-location 930A are flushed to disk in Figure 
91. However, dirty buffers F2-4 to F2-7 and F2-13 to F2-15 of file 942 that have 
been added to Usts 920B and 920C of data disks 1 and 2, respectively, are not 
flushed to disk. 

15 Figiu-e 9J illtistrates the flushing to disk of tmwritten buffers F2-4 to F2-7 

and F2-13 to F2-15 of file 944 when aU dirty inodes have their blocks allocated. 
In this example, the current-write-locations 930A-930D of all data disks 0-3 are 
advanced to the highest current-write location 930B of Figure 91. Queues 920A- 
920D are accordingly emptied. Current-write-location 930B references block 

20 970C of data disk 1. This operation is performed in step 350 of Figure 3 that 
flushes all unwritten stripes to disk. In step 350, all buffers in queues 920A- 
920D of data disk 0-3 that have not been forced to disk are artificially forced to 
disk by advancing the current-write-locations 930A-930D to tiie largest one of 
the group. 
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As described above, the present invention uses explicit knowledge of 
disk layout of the RAID array to optimize write-allocations to the RAID array. 
Explicit knowledge of tiie RAID layout includes irrformation about disk blocks 
and stripes of buffers to be written to disk. This is illustrated in Figures 9A-9J. 
5 The present invention integrates a file system with RAID array technology- 
The RAID layer exports precise information about the arrangement of data 
blocks in the RAID subsystem to the file system. The file system examines this 
information and uses it to optimize the location of blocks as they are written to 
the RAID system. It optimizes writes to the RAID system by attempting to 
10 insure good read-ahead chunks and by writing whole stripes, 

Load-Sensitive Writing of Stripes 

The method of write allocations to the RAID array for the WAFL file 
15 system described above is a "circular write" algorithm. This method cycles 
through the disk writing buffers to the RAID array so that all disk blocks of a 
stripe are allocated. The sequential writing of stripes is not dependent upon 
the number of free blocks allocated in the stripe other than at least one block 
must be free. In this manner, write allocation of stripes proceeds to the end of 
20 the disks in the RAID array. When the end of disk is reached, write allocation 
continues at tiie top of the disks. 

An alternate embodiment of the present invention uses "load-sensitive 
circular writes" to handle disk writes when the rate of data writes to disk 
25 exceeds a nominal threshold level. When the rate of data writes exceeds the 
nominal threshold level, the present invention processes disk writes 
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dependent upon tiie efficiency of writing a stripe. Some parts of a disk are 
better to write to than others dependent upon the pattern of allocated blocks in 
areas of each disk in the RAID array. For example, it is very efficient to write to 
stripes in the RAID array where there are no allocated blocks in a stripe on the 
data disks. 

In Figiu*e 9E, writing to four disk blocks 952B-952E for stripe 980 provides 
a maximal write rate for the RAID array. In the example, fotir buffers Fl-0, 
F2-0, F2-8, and F3-0 are written to disk in essentially the same time interval 
TwRTTE- Thus, using 4 KB buffers, the system writes 16 KB of data to disk in the 
fixed time interval Twrtte- This is in contrast to writing stripe 982 comprising 
buffers F2-1, F2-9 and F3-1 to three blocks 954C-954E of the RAID array in 
Figure 9F. The rate of writes in this case is 12 KB of data in the same fixed time 
interval Twrtte- Thus, the write rate for stripe 982 is 75% of the maximal write 
rate for stripe 980. In a worst case, only a single unallocated disk block exists in 
a stripe of the RAID array. Writing to this single block yields a write rate that is 
only 25% of the maximal rate for writing to four disk blocks. Therefore, it is 
inefficient to write to stripes with only one free block. 

In the load-sensitive method of circular writes, when the RAID 
sub-system is busy, inefficient stripes are skipp)ed. Instead, stripes having a 
larger number of free blocks to write to are selected for allocation. Inefficient 
stripes are written to when the system is lightly loaded. This is done to save 
more efficient stripes for when the system is heavily loaded. Thus, ujilike the 
circular write method that writes a particular set of dirty files and blocks in the 
same sequence, the load-sensitive circular write method changes its behavior 
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dependent upon system loading. For example, in a RAID system having a 
maximal write rate of 5 megabytes /second, the present invention writes only 
to stripes having three or four free blocks when the system performs writes at 
an average rate of 2.5 megabytes per second in a ten second interval. 

5 

A large dass of algorithms may be implemented to provide 
load-sensitive circular writes to provide more efficient operation of the file 
system with the underlying RAID disk system. It should be obvious to a 
person skilled in the art that providing information about the layout of the 
10 RAID array to a file system, as disclosed in the present invention, leads to a 
large class of algorithms that take advantage of this information. 

In this maimer, a method of allocating files in a file system using RAID 
arrays is disclosed. 
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CLAIMS OF THE INVENTION 

1. A method for allocating files in a file system comprising: 

5 a) select an inode having at least one dirty block from a list of inodes 

having dirty blocks; 

b) write allocate a tree of buffers referenced by said inode to a storage 

means in a RAID array; 

c) determine if all inodes in said list of inodes have been processed, 

10 when all of said inodes in said list of inodes have not been processed, continue 
repeating steps a-b; and, 

d) flush all unwritten stripes to said RAID array. 
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